The enhancing effect of virion-free proteins derived from granulovirus (GVPs) on the infectivity of Mamestra brassicae nucleopolyhedrovirus (MabrNPV) was examined using an alternative host, Helicoverpa armigera (Hübner). Second-instar larvae were inoculated by diet contamination bioassay. The LC 50 values of larvae inoculated with MabrNPV alone were calculated to be 24,000 to 96,000 polyhedra/g diet, which was equivalent to the values of the original host, Mamestra brassicae (L.), in our previous report. The addition of GVPs (0.1 mg/g diet) reduced the LC 50 values to 1/13.8-1/38.4. Most MabrNPV-infected larvae died at the third or fourth instar, and the increase of MabrNPV concentration caused larval death at younger instars in both the MabrNPV alone treatment and the MabrNPV plus GVPs treatment. The lethal time shortened in relation to viral concentration for both the MabrNPV alone treatment and the MabrNPV plus GVPs treatment. Our results reveal the potential for simultaneous control of M. brassicae and H. armigera by adding GVPs as an enhancer to MabrNPV.
INTRODUCTION
The cotton bollworm, Helicoverpa armigera (Hübner), is a polyphagous insect pest that damages various crops and is widely distributed in Asia, the eastern Pacific islands, Australia, southern Europe, and Africa (Fitt, 1989; King, 1994) . Severe outbreaks of H. armigera occurred in western Japan in 1994 and 1995 (Yoshimatsu, 1995) . No serious problems with this pest had previously been reported in Japan. More recently, H. armigera has become a major pest throughout Japan on important crops such as tomato, chrysanthemum, lettuce, and cabbage (Hamamura, 1998 (Hamamura, , 2000 . Several attempts have been made to control H. armigera by using baculoviruses, especially nucleopolyhedroviruses (NPVs), in Australia (Chakraborty et al., 1999; Christian et al., 2005) , China (Sun et al., 2002 (Sun et al., , 2004 , India (Cherry et al., 2000; Reddy and Manjunatha, 2000) , and Spain (Figueiredo et al., 1999) .
The T strain of Mamestra brassicae NPV (MabrNPV) has been isolated from M. brassicae (L.) in Tokyo, Japan (Aruga et al., 1960) . M. brassicae is also a polyphagous noctuid pest infesting many vegetables and ornamental crops. Phylogenetic analysis indicates that MabrNPV T is closely related to MabrNPV Oxford, isolated in Europe, and M. configurata NPV (MacoNPV) B, isolated in North America (Mukawa and Goto, 2006) . MacoNPV B infects not only M. configurata Walker but also Trichoplusia ni (Hübner) and Spodoptera exigua (Hübner) (Li et al., 2002) . MabrNPV Oxford has a broad host range over many noctuid species, including H. armigera, although few lepidopteran insects other than Noctuidae are susceptible to this virus (Doyle et al., 1990) . We have reported that MabrNPV T is highly infectious to M. brassicae (Mukawa and Goto, 2007) , whereas the efficacy of MabrNPV T against H. armigera is unknown.
A gene family named enhancin, which promotes viral infection, has been found in the genome of baculoviruses, including some granuloviruses (GVs) (Liu et al., 2006) . Viral enhancement by GV enhancin is caused by degrading peritrophic matrix proteins and/or by mediating the binding of the virus envelope to the cell plasma membrane (Corsaro et al., 1993) . The genome of Xestia c-nigrum GV (XecnGV) contains four enhancin homologs (Hayakawa et al., 1999) . A protein preparation obtained from alkaline-dissolved granules of XecnGV (GVPs) contains at least two proteins with equivalent molecular weight to GV enhancins, one with enhancing activity for MabrNPV (Mukawa and Goto, 2007) . We have also revealed that GVPs enhance MabrNPV infectivity to M. brassicae as effectively as a fluorescent brightener, Tinopal, which is a well-known NPV enhancer (Mukawa and Goto, 2007) . In this study, we performed a bioassay for H. armigera to evaluate the feasibility of the simultaneous control of M. brassicae and H. armigera by MabrNPV T in combination with GVPs.
MATERIALS AND METHODS
Insect, virus, and additive. Helicoverpa armigera was collected in Tsukuba, Ibaraki, Japan, and maintained on an artificial diet (Insecta LFS; Nihon Nosan Kogyo Co., Ltd., Yokohama, Japan) for more than 3 years. All experiments were conducted at 25°C under a 16-h light/8-h dark photoperiod. We used the Mamestra brassicae NPV (MabrNPV) T strain (Aruga et al., 1960; Akutsu, 1972) , and MabrNPV T5 clone isolated from the MabrNPV T (Mukawa and Goto, 2006) . The concentration of MabrNPV in the viral stock suspension was determined by counting the number of polyhedral inclusion bodies (PIBs) using a Thoma hemocytometer under a phase-contrast microscope. Proteins derived from the granules of Xestia cnigrum GV a-4 clone were named GVPs and prepared as described by Mukawa and Goto (2007) .
Bioassay. Larvae of H. armigera were inoculated with a combination of MabrNPV and GVPs using a diet contamination method described by Mukawa and Goto (2007) . Five hundred microliters of viral suspension was added to 4.5 g of the artificial diet and mixed well. Forty-two to 44 newly molted second-instar larvae were fed on the virus-treated diet for 48 h, after which 36 of the larvae were transferred to 21-ml plastic cups for individual rearing on a virus-free diet. Larvae were observed daily for mortality until 11 d after inoculation. , and 10 4.5 PIBs/g diet with GVPs. The concentration of GVPs was 0.1 mg/g diet. Control larvae were fed on a diet treated with distilled water or GVPs. Experiments were replicated 3 times. We used MabrNPV T strain for the first trial and MabrNPV T5 clone for the second and third trials. Larvae with typical symptoms of NPV infection, such as a waxy appearance and liquefaction of the cadaver, were recorded as infected. If a larva died within 11 d of inoculation without viral symptoms, tissue smears of the larva were prepared and examined under a phase-contrast microscope for the presence of PIBs.
Quantification of diet ingested by larvae. The artificial diet treated with distilled water was weighed just before insect release. A 6-cm-diameter Petri dish to which the treated diet was applied was set upside down in a 9-cm-diameter Petri dish so that larval feces would not adhere to the diet. Forty-two newly molted second-instar larvae of H. armigera were reared in the Petri dish for 48 h. After removal of the larvae, the diet was weighed again. The treated diet without insect release was set as a control to measure the decrease of weight due to desiccation. Experiments were replicated 4 times. We calculated the mean weight of the diet consumed per larva based on the ratio of the weight of the remaining diet to the control diet at 48 h after insect release.
Data analysis. Mortality data were analyzed using probit analysis (Finney, 1971 ) against a common logarithm of all virus concentrations with or without GVPs using the POLO-PC program (LeOra Software). The relative potency with 95% confidence interval (CI) was calculated as the ratio of median lethal concentration (LC 50 ) of MabrNPV alone treatment to LC 50 of the treatment of MabrNPV in combination with GVPs according to the method of Robertson and Preisler (1992) . Data for the lethal time fitted to log-normal distribution were analyzed by parametric survival analysis using JMP software ver. 5.0.1 (SAS Institute, Inc.). Larvae surviving for 11 d after inoculation were included in the analysis as censored cases. Regres-sion analysis was performed with data on the lethal time of larvae that died due to NPV infection (Farrar and Ridgway, 1998) .
RESULTS
Some larvae died without NPV infection in both control and virus treatment ( Most of the larvae infected with MabrNPV died during the third or fourth stadium, and the increase of viral concentration caused larval death at younger instars in both the MabrNPV alone treatment and the MabrNPV plus GVPs treatment (Fig.  1 ). Following inoculation with MabrNPV alone and MabrNPV plus GVPs, 191 and 199 larvae died in the third instar in total, respectively, whereas these data included 24 and 25 individuals which died at the pharate fourth instar or halfway through ecdysis, respectively. Viral infection of these larvae was confirmed by microscopic examination of their tissue smears, because external symptoms in the pharate fourth instars were hard to distinguish with 325 GV Proteins as MabrNPV Enhancer melanization of the exuvial fluid. These cadavers liquefied inside the old cuticle that maintained its strength. Parametric survival analysis was performed based on the data from all viral concentrations (Table 3 ). The effects of MabrNPV concentration, the existence of GVPs, and trial on the larval lethal time were all significant, while those of interactions among two or three factors were insignificant. The regression of the lethal time on MabrNPV concentration is shown in Fig. 2 . 326 S. MUKAWA et al. a The 95% confidence interval was not calculated for the MabrNPV alone treatment in the third trial, because the index of significance for potency estimation (g statistic) exceeded 0.5. b Relative potencies were calculated by fitting regression lines with common slopes of 1.49Ϯ0.12 and 1.94Ϯ0.17 for the first and second trials, respectively. The relative potency for the third trial was calculated as described by Robertson and Preisler (1992) , since these regression lines of the MabrNPV alone and MabrNPV plus GVPs treatment could not be fitted in parallel. The effect of whole model estimated by fitting the parametric survival model was significant (d.f.ϭ11, c 2 ϭ982.02, pϽ0.01). 
DISCUSSION
Differences in viral susceptibility among different host species have been reported with the dosemortality response for Mamestra NPVs (Doyle et al., 1990; Li et al., 2002) . LD 50 values are estimated to range widely, from 10 2 to 10 5 PIBs/larva among different species when second-instar noctuid larvae were inoculated with MabrNPV Oxford (Doyle et al., 1990) . Our result revealed that the LC 50 s of MabrNPV T were 2.4ϫ10 4 to 9.6ϫ10 4 PIBs/g diet in second-instar H. armigera. We have reported that the LC 50 s of MabrNPV T are 5.2ϫ10 4 to 1.7ϫ10 5 PIBs/g diet when second-instar M. brassicae are inoculated with MabrNPV alone (Mukawa and Goto, 2007) . Because most of the 95% confidence intervals (CIs) of the LC 50 overlapped between H. armigera and M. brassicae, we concluded that the dose-mortality response of H. armigera against MabrNPV T is similar to that of M. brassicae. Based on the LC 50 s and diet consumption by the larva in 48 h, the LD 50 s are estimated as 2.4ϫ10 2 to 9.5ϫ10 2 PIBs/larva in second-instar H. armigera. We have also estimated the LD 50 s for second-instar M. brassicae from diet consumption (6.41 mg/larva; unpublished data) and the LC 50 s (Mukawa and Goto, 2007) to be 3.3ϫ10 2 to 1.1ϫ10 3 PIBs/larva. These estimates support our conclusion that both H. armigera and M. brassicae are highly susceptible to MabrNPV T.
In this study, 12.6% of MabrNPV-infected thirdinstar larvae of H. armigera proceeded to the pharate fourth instar. In contrast, in our previous study (Mukawa and Goto, 2007) , head capsule slippage was not observed in MabrNPV-infected third-instar larvae of M. brassicae which developed apparent viral symptoms. It follows that the influence of MabrNPV infection on larval ecdysis is different between M. brassicae and H. armigera. Baculoviruses alter hormonal balance of the host via a virus-encoded enzyme, ecdysteroid UDP-glucosyltransferase (EGT), which inactivates the molting hormone (Cory et al., 2001) . Enzymatic activity of EGT, which catalyzes the conjugation of ecdysteroids with sugar moieties from UDP-glucose and UDP-galactose, has been revealed in MabrNPV Oxford (Clarke et al., 1996) . Similar enzymatic activity is expected in our MabrNPV T, since the deduced amino acid sequence of the egt of MabrNPV T shows 95% identity to that of MabrNPV Oxford (Mukawa and Goto, 2006) . This suggests that MabrNPV EGT prevents ecdysis of M. brassicae and H. armigera. An egt deletion mutant of Autographa californica NPV (AcMNPV) reduces the lethal time by 11% in comparison to 327 GV Proteins as MabrNPV Enhancer 2 PIBs/g diet in the first and third trials (B), since no larva died of MabrNPV infection. A symbol without SE indicates that one larva died following inoculation with MabrNPV alone at 10 3.5 PIBs/g diet in the third trial (A). Regression lines are shown if the regression models were significant (least-squares fitting: pϽ0.05). The regression equation for the MabrNPV alone treatment at each trial was lethal timeϭ12.80Ϫ0.95ϫ(log 10 PIBs), 12.33 Ϫ0.97ϫ(log 10 PIBs), 10.54Ϫ0.49ϫ(log 10 PIBs), respectively (A). The regression equation for MabrNPV plus GVPs treatment for the second and third trials was lethal timeϭ9.66 Ϫ0.66ϫ(log 10 PIBs), 9.90Ϫ0.66ϫ(log 10 PIBs), respectively (B).
the wild-type virus in second and fourth instars of Trichoplusia ni (Wilson et al., 2000) . In contrast, the deletion of egt does not improve the killing speed of AcMNPV when Spodoptera exigua larvae were treated with recombinant AcMNPV in second and fourth instars (Bianchi et al., 2000) . These reports and our results reveal that the effect of viral EGT on hormonal regulation in the host differs among host species. Further examinations are needed to clarify the differences in the timing and quantity of egt expression among different host species and/or the host specificity of EGT enzymatic activity.
We demonstrated that the susceptibility of H. armigera to MabrNPV was increased by the addition of GVPs to the inoculum. The relative potencies of GVPs, which were calculated from the probit mortality lines with the common slope of MabrNPV with or without GVPs, were estimated to be 13.8-to 38.4-fold in H. armigera (Table 2) . These values were lower than the relative potencies of 70.7-to 81.5-fold in M. brassicae (Mukawa and Goto, 2007) ; however, 95% CIs for H. armigera and M. brassicae overlapped, except for the third trial in H. armigera. In the third trial, more H. armigera larvae died without NPV infection than in other trials. Causes of the variance in larval mortality are unknown, but might be related to our bioassay method in which larvae were inoculated with the virus as a group. Improvement of the bioassay method is needed to minimize larval mortality by factors other than viral infection.
The addition of GVPs significantly reduced the lethal time of H. armigera larvae, whereas the interaction between MabrNPV concentration and GVP treatment was insignificant by parametric survival analysis (Table 3 ). This suggests that the regression slopes of the lethal time on MabrNPV concentration are not significantly different between MabrNPV alone treatment and MabrNPV plus GVPs treatment (Fig. 2) . Therefore, the lethal time of larvae is not different between MabrNPV alone treatment and MabrNPV plus GVPs treatment in a comparison of the treatment with equivalent mortality. Since GV enhancin causes degradation of the midgut peritrophic membrane and/or enhancement of the fusion between viral envelop and cell plasma membrane (Corsaro et al., 1993) , GVPs would increase the number of MabrNPV virions invading midgut cells in H. armigera. In addition, the developmental stage of H. armigera at death became younger in parallel with the increase of larval mortality both in MabrNPV alone treatment and in MabrNPV plus GVPs treatment. In contrast, M. brassicae larvae inoculated with a combination of MabrNPV and GVPs died at younger instars than those inoculated with MabrNPV alone, regardless of the viral concentration, and the regression slopes of the lethal time in MabrNPV-infected larvae were less steep or insignificant when M. brassicae larvae were inoculated with a combination of MabrNPV and GVPs (Mukawa and Goto, 2007) . This report and our results suggest that the addition of GVPs improves the virulence of MabrNPV in H. armigera to a lesser extent than in M. brassicae.
Our current study confirms that MabrNPV T is highly infectious to H. armigera as well as to M. brassicae. Moreover, the addition of GVPs successfully enhances MabrNPV infectivity in H. armigera without any negative influence on NPV pathogenicity. Both H. armigera and M. brassicae are major insect pests with many common host plants (Japanese Society of Applied Entomology and Zoology, 2006), and they simultaneously infest the same crops, such as cabbage. It is a great advantage that one viral pesticide can control these two noctuid pests. Our results show that a combination of MabrNPV T with GVPs has potential for the simultaneous control of M. brassicae and H. armigera. A future study will determine the optimum concentration of GVPs with the aim of establishing a low-cost and effective formulation of MabrNPV.
